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Material	 related	 parameters	 such	 as	 Young’s	 modulus	 and	 internal	 friction	 are	
important	for	mechanical	and	material	engineering.	These	parameters	play	key	roles	in	
the	material	performances.	 It	has	been	a	great	 interest	 to	measure	 the	value	of	 these	




detection	 system	used	 for	 IET	 is	 normally	microphone,	 accelerometer	 and	 so	 on.	Self-
mixing	 interferometry	 (SMI),	an	emerging	sensing	 technique,	which	 is	non-destructive,	
non-contact,	 compact	 structure,	 and	 low-cost	 has	 been	 developed	 for	 high	 accuracy	
sensing	applications,	such	as	displacement,	velocity	and	distance	measurement	and	so	on	
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damage	suffered	by	 the	material	 [1,	2].	Young’s	modulus，named	for	 the	18th-century	
physician	and	physicist	Thomas	Young,	is	a	numerical	constant	which	describes	the	elastic	
properties	 of	 a	 solid	 undergoing	 tension	 or	 compression	 in	 only	 one	 direction.	 It	 is	 a	
























Damping	 or	 internal	 friction	 is	 the	 phenomenon	 by	 which	 mechanical	 energy	 is	
















service.	 In	 these	 situations,	 it	 is	 necessary	 to	 know	 the	 Young’s	modulus	 to	meet	 the	
design	requirements.	The	damping	also	plays	a	vital	role	in	these	designs,	where	damping	















materials	 parameters	 in	 the	 frequency	 domain,	where	 the	 system	 is	 simpler	 than	 the	
traditional	destructive	methods	and	can	achieve	higher	accuracy.	More	importantly,	the	
non-destructive	 methods	 have	 much	 less	 impact	 on	 the	 specimen	 compared	 to	 the	


















The	 results	 of	 tensile	 test	 come	 to	 a	 figure	 of	 stress-strain	 curve	 where	 the	 slope	
indicates	 the	 value	 of	 Young’s	 modulus.	 Figure	 1.4	 shows	 the	 stress-strain	 curves	 of	
aluminium	and	steel	materials	[18].	It	can	be	seen	that	the	slope	of	stress-strain	changes	
to	 a	 nonlinear	 curve	 at	 a	 certain	 point.	 This	 nonlinear	 curve	 directly	 influences	 the	
accuracy	of	Young’s	modulus,	which	may	cause	significant	error	in	the	measurement.	In	
some	 other	 cases,	 this	 impact	 may	 be	 greater	 depending	 on	 the	 different	 types	 of	













modulus	measurements	 are	destructive	 that	 have	been	widely	used	by	 engineers	 and	
testers.	 One	 of	 them	 is	 flexural	 test	 also	 known	 as	 three-point	 or	 four-point	 bending	
flexural	tests.	The	difference	between	flexural	test	and	tensile	test	is	the	way	of	loading	
forces	on	the	specimen.	Figure	1.5	shows	a	schematic	of	a	 typical	 three-point	bending	

















Test	 methods	 such	 as	 tensile	 test	 and	 flexural	 test	 are	 feasible	 for	 relatively	 large	
specimen,	but	when	it	comes	to	small	specimens	typically	in	nanoscale	these	methods	are	
no	longer	applicable.	The	indentation	test,	another	destructive	method,	is	more	suitable	









In	 summary,	 these	 destructive	 methods	 for	 measuring	 Young’s	 modulus	 are	 well	




which	 include	 complicated	 system	 and	 specimen	 design,	 results	 with	 low	 accuracy,	
unsuitable	 with	 extreme	 environment	 and	 destructive	 measurements	 with	 no	





Compared	 with	 destructive	 methods,	 non-destructive	 methods	 often	 show	 high	







Resonance	methods	measure	 the	 fundamental	 resonant	 frequency	 of	 the	 specimen	
with	a	suitable	geometry.	Using	an	impulse	tool	to	strike	the	specimen,	the	specimen	is	
excited	into	vibration.	An	external	transducer	such	as	an	accelerometer	or	microphone	
can	 pick	 up	 this	 vibration	 signal	 and	 transform	 it	 into	 an	 electrical	 signal[28].	 The	
fundamental	resonant	frequency	can	be	retrieved	by	analysing	the	signal,	then	with	the	
dimensions	 and	 mass	 of	 the	 specimen	 the	 Young’s	 modulus	 of	 the	 specimen	 can	 be	
calculated.	 The	 resonance	method	 is	 especically	 suitable	 for	materials	 that	 are	elastic,	
homogenous	and	isotropic	[29].		
There	 are	 different	ways	 to	 induce	 excitation	 for	 the	 resonance	method.	 In	 1992	 L.	
Kiesewetter	 used	 the	 resonance	 method	 to	 measure	 the	 Young’s	 modulus	 of	 a	
microcantilever	thin	films	[30].	He	applied	three	different	excitation	ways:	photo-thermal	



























microcantilevers	 in	 liquid	using	photothermal	excitation.	The	exciting	 laser	used	 in	 this	
setup	focused	on	the	bottom	of	the	microcantilever	where	the	detection	laser	targeted	
the	 top	 of	 the	 microcantilever.	 By	 using	 the	 optical	 beam	 deflection	 technique,	 the	





excite	 the	 specimen	 in	 liquid	 environment.	 Yoshinaka	 [34]	 used	 an	 optomechanical	
heterodyne	detection	to	analyse	the	vibration	signal.	This	detection	method	has	also	been	
used	in	another	thermal	excitation	test	by	Song	[35]	to	measure	the	resonant	frequency	
of	 semiconductor	 cantilevers.	 Bircher	 [36]	 conducted	 the	 experiment	 of	 using	
photothermal	 excitation	 to	 measure	 a	 silicon	 cantilever.	 To	 summarise,	 the	 thermal	
excitation	method	is	currently	available	for	micrometer	scale	and	cantilever	measurement.	
The	detection	methods	mentioned	in	the	above	tests	all	have	some	limitations,	such	as	
the	 optical	 beam	 deflection	 technique.	 The	 sensitivity	 of	 optical	 beam	 deflection	
technique	depends	on	several	factors	[37,	38],	such	as	the	difference	of	the	optical	path	
length	 introduced	by	the	cantilever	displacement,	 the	total	captured	rays	 from	various	
points	of	the	cantilever	and	the	angle	of	incidence.	These	limitations	potentially	affect	the	






frequency	and	 temperature	 ranges	of	practical	 interest	which	can	be	used	 in	damping	







important	 for	 designing	 resonators	 and	 other	 micromechanical	 devices.	 An	 acoustic	
excitation	method	 was	 used	 to	 drive	 the	microstructural	 sample	 to	 vibrate	 where	 an	
acoustic	transducer	driven	by	PZT	transducer	was	targeted	at	the	silicon	resonator	from	a	
few	 centimetres	 away.	 An	 optical	 heterodyne	 interferometer	 was	 used	 to	 detect	 the	
vibration.	 Kemps	 [40]	 measured	 the	 Young’s	 modulus	 of	 eggshell	 by	 using	 resonant	
frequency	method,	which	was	with	the	dimensions	of	350µm	thickness,	26mm	length	and	
10mm	width.	The	tested	eggshell	was	excited	by	a	broad	range	loudspeaker,	where	the	
acoustic	 energy	 through	 air	 excited	 the	 eggshell	 into	 natural	 vibration	 mode.	 A	 laser	
vibrometer	was	placed	above	the	eggshell	to	measure	the	velocity	of	the	vibration.	Ricci	
[41]	measured	the	resonant	frequency	and	Young’s	modulus	of	microscale	structures	by	
using	 acoustic	 excitation	 method.	 The	 test	 sample	 was	 microcantilever	 beams	 and	
microscale	rotational	oscillators	with	micrometre	scale,	which	were	excited	into	vibration	
mode	 by	 an	 air-couple	 transducer.	 The	 displacement	was	measured	 by	 Laser	 Doppler	
vibrometer,	which	was	then	used	to	calculate	the	resonant	frequency	of	the	test	sample.	
Apart	 from	normal	acoustic	excitation,	 the	ultrasonic	excitation	has	also	been	used	for	
resonant	 frequency	 related	 measurement.	 Bamber	 [42]	 measured	 the	 relationship	
between	 Young’s	 modulus	 and	 Poisson’s	 ratio	 of	 fused	 silica	 by	 using	 the	 acoustic	
microscopy	which	generated	the	ultrasonic	wave	as	a	probe.	Fatemi	[43]	used	resonant	
frequency	method	based	on	ultrasound	excitation	 to	measure	 the	Young’s	modulus	of	
aluminium	 alloy	 rod.	 The	 test	 sample	 had	 the	 dimensions	 of	 6cm	 length	 and	 9mm	
diameter.	 The	 rod	 was	 placed	 in	 water	 and	 the	 ultrasound	 energy	 emitted	 from	










millimetre	 scales.	 The	 specimen	 can	 also	 be	 different	 materials	 such	 as	 viscoelastic	
materials,	 eggshell,	 metal,	 drug	 tablets	 etc.	 It	 can	 be	 seen	 that	 acoustic	 as	 well	 as	




and	 exciters	 such	 as	 electrostatic	 force	 and	 electrodynamic	 shaker.	 Ye	 [46]	 applied	 an	
electrostatic	force	to	a	silicon	cantilever	plate,	with	two	opposite	edges	clamped	and	other	
two	edges	are	free	to	measure	its	Young’s	modulus.	He	used	an	incident	laser	beam	to	
detect	 the	 vibration	 and	 a	 position-sensitive-detector	 to	 receive	 it.	 Caracciolo	 [47]	




mode.	An	emitter-receiver	 laser	 sensor	was	used	 to	measure	 the	displacement	of	 the	
cantilever	 beam	 in	 order	 to	measure	 the	 Young's	modulus.	 Guillot	 [48]	measured	 the	
Young's	modulus	 of	 highly	 compliant	 elastomers	 at	 elevated	 hydrostatic	 pressure.	 The	
neoprene	specimen	was	glued	to	a	vibration-transmitting	metal	rod,	which	is	glued	to	a	
ten	piezoelectric	ceramic	discs	shaker.	The	Laser	Doppler	vibrometer	sensor	was	used	to	


















for	 measuring	 material	 related	 parameters,	 based	 on	 the	 equivalent	 principle	 of	
resonance	method,	is	more	attractive	to	researchers	in	material	engineering	fields[49,	50].	
Instead	 of	 driving	 the	 specimen	 by	 an	 external	 exciter,	 this	 technique	 uses	 a	 singular	
elastic	strike	with	an	impulse	tool	to	strike	the	specimen	and	the	specimen	will	be	excited	
into	vibration.	The	Young’s	modulus	can	be	measured	by	analysing	the	recorded	signal	
from	 sound	 or	 optical	 spectrum[51].	 Suansuwan	 [5]	 used	 IET	 to	measure	 the	 Young’s	
modulus	 of	 metal	 alloys	 and	 dental	 porcelains.	 The	 specimens	 were	 all	 cast	 into	
rectangular	shape.	The	specimen	is	placed	on	a	soft	foam	with	free-free	beam	mode.	An	
impulser	with	a	steel	sphere	struck	on	the	middle	of	the	specimen	excited	the	sample	into	





the	 vibration.	 Bahr	 [52]	 used	 IET	 to	 measure	 the	 Young's	 modulus	 of	 normal-weight	
siliceous	 concrete.	 The	 specimen	 was	 supported	 in	 two	 points	 and	 tapped	 with	 an	
automated	tapping	device	in	the	antinode	point.	A	microphone	was	used	to	capture	the	
vibration	signal	and	analyse	it	using	resonance	frequency	and	damping	analyser	(RFDA)	
software.	Montecinos	 [53]	used	 IET	 to	measure	 the	Young's	modulus	of	CuAlBe	alloys	
influenced	by	different	thermal	treatments.	The	specimen	was	placed	on	the	two	sharp	
edges	support,	then	a	small	polymer	ball	was	used	to	hit	the	centre	of	the	specimen.	A	













engineering,	 damping	 is	 the	 energy	 dissipation	 parameter	 of	 a	material	 under	 cyclical	
stress.	 It	 converts	 the	mechanical	energy	 into	 thermal	energy.	The	 level	of	damping	 is	
determined	by	 the	absorbed	energy	per	 cycle	 in	 the	 structure	 [58].	A	perfectly	elastic	
material	subject	to	cyclical	stress	will	oscillate	without	loss	of	energy,	except	by	external	
friction	 with	 its	 support	 and	 with	 the	 atmosphere	 or	 surrounding	 fluid.	 In	 reality,	
vibrations	 are	 dampened	 more	 rapidly	 than	 in	 the	 case	 of	 energy	 loss	 due	 solely	 to	
external	friction.	The	phenomenon	of	damping	in	the	material	often	refers	to	the	internal	
friction	defined	as	the	dissipation	of	mechanical	energy	inside	a	gaseous,	liquid	or	solid	
medium.	 In	 a	 solid	 material	 exposed	 to	 a	 time-dependent	 load	 within	 the	 elastic	






The	measurement	 of	 internal	 friction	has	 attracted	many	 researchers	 because	of	 its	
importance	in	engineering	application.	The	experimental	methods	for	internal	friction	can	
be	 divided	 into	 four	 groups:	 quasi-static	 method,	 sub-resonance	 method,	 resonance	
method	 and	 wave	 propagation	 method.	 The	 quasi-static	 method	 is	 the	 conventional	

































measured	 from	the	proportional	 relationship	with	 the	signal	 from	sensor	4.	The	signal	
from	sensor	9	passes	through	the	strain	gauge	is	proportional	to	the	stress.	The	beam	of	
the	 electrons	 on	 the	 screen	 of	 the	 oscilloscope	 describes	 the	 loop	 in	 the	 stress-strain	
coordinate.	This	method	can	measure	the	material	with	internal	friction	larger	than	0.001	
with	the	error	no	greater	than	10%.	The	accuracy	of	this	measurement	system	very	much	

























curve	 of	 the	 frequency-response	 function	 by	 using	 forced	 vibrations	 with	 constant	
excitation.	The	bandwidth	is	defined	as	the	width	of	the	frequency	response	magnitude	











plate	on	the	transducer	 induces	vibration	 in	 the	specimen.	The	vibration	 is	 transferred	




echo	 signals	 synchronised	 on	 the	 oscilloscope	 [59].	 To	 meet	 the	 measurement	
requirement	for	some	special	specimen,	there	are	also	other	combined	techniques	such	
as	 acoustic	 coupling	 [65],	 miniaturised	 resonators	 [66]and	 complex-shaped	 oscillators	
[67]have	been	explored	by	researchers.		
A	short	summary	of	different	measurement	methods	for	Young’s	modulus	and	internal	
friction	 is	 shown	 in	 Table	 1.1.	 Researchers	 and	 engineers	 have	 been	 continuously	
improving	 the	 measurement	 methods	 for	 Young’s	 modulus	 and	 internal	 friction.	
Developed	 from	static	or	quasi-static	methods	 to	dynamic	methods	such	as	 resonance	
and	wave-propagation	method.	These	improvements	solve	the	problems	with	traditional	
methods	 such	 as	 the	 high	 requirement	 of	 specimen	 design,	 inadequate	 testing	
environment	and	destructed	 specimen	 in	 the	measurement.	 For	 the	high	efficiency	of	














































Numerous	 researches	 have	 been	 conducted	 on	 measuring	 Young’s	 modulus	 and	










calculated	from	the	resonant	 frequency	and	the	 internal	 friction	 is	calculated	from	the	
damping	 of	 the	 vibration.	 The	 frequency	 range	 of	 measurements	 is	 restricted	 within	
250Hz	and	700Hz.	Zheng	[70]	utilised	the	cantilever	beam	mode	to	measure	the	Young’s	
modulus	and	damping	ratio	of	wood-based	composites.	Owning	to	the	non-destructive,	
fast	 and	 easy	 set-up	 features,	 IET	 have	been	 adopted	by	 researchers	 for	 both	 Young’s	
modulus	 and	 internal	 friction	measurement.	 Research	 companies	 and	 groups	 such	 as	
Sonelastic,	BuzzMac	International	and	KU	Leuven	have	been	using	IET	to	measure	both	
the	 Young’s	 modulus	 and	 internal	 friction.	 Besides	 the	 convenience	 of	 using	 IET,	 the	
detection	of	the	vibrating	signal	plays	a	key	role	for	the	measurement.	Without	proper	
detection	of	the	signal,	it	is	impossible	to	retrieve	the	information	related	to	the	Young’s	
















which	 SMI	 was	 developed.	 Initially,	 this	 optical	 feedback	 or	 effect	 was	 treated	 as	
disturbance,	 while	 currently	 owing	 to	 the	 non-contact	 feature	 of	 this	 physical	
phenomenon,	 low-cost	 commercial	 LD	 have	 been	 designed	 for	 high	 accuracy	 sensing	















three-mirror	cavity	model,	where	 APPr 0= 	is	the	power	back-reflected	by	the	remote	







field	phasor	 rE 	re-enters	the	laser	cavity	and	it	adds	to	the	lasing	field	phasor	 0E .	The	
phase	of	 rE 	is	 )(2)( tkst =φ ,	where	 λπ2=k 	(λ 	is	the	wavelength	of	the	laser)	and	 )(ts 	
is	the	distance	of	the	remote	target.	Hence,	the	lasing	field	amplitude	and	frequency	are	
modulated	 by	 the	 term	 ks2=φ 	.	 Thus	 the	 amplitude	 modulation	 is	 )2sin( ks 		and	 the	
amplitude	modulation	is	 )2cos( ks .	The	detection	scheme	very	closely	resembles	the	well-
known	homodying	 radio	 frequencies.	 From	the	quadrature	 signals,	 the	 interferometric	
phase	 ks2=φ 	can	 be	 retrieved	 without	 ambiguity	 which	makes	 it	 possible	 for	 target	
displacement	measurement	[90].		
As	it	is	mentioned,	SMI	technique	has	been	applied	for	high	accuracy	sensing	application.	


















loudspeaker	drive	signal	at	657Hz,	1.2μm/div.	(a)	 8102×≈A ,	 1<<C ;	(b)	 6108×≈A 	,	
1≈C 	;(c)	 5104×≈A 	,	 1>C .	Where	C 	is	the	feedback	level	[73].	
	
Apart	from	the	displacement	measurement	application,	other	applications	like	velocity	
measurement	 [78-80],	 vibration	 measurement	 [81-83],	 linewidth	 enhancement	 factor	










method	 to	 establish	 a	 compact	 physical	 system	with	 low	 cost.	 The	 vibration	 from	 the	





Ø The	 traditional	 methods	 of	 Young’s	 modulus	 measurement	 are	 destructive.	
Among	the	non-destructive	methods,	the	detector	design	is	complicated	with	
big	size.	
Ø The	 existing	 internal	 friction	 measurement	 has	 low	 measurement	 accuracy.	
There	 is	 a	 need	 for	 developing	 a	method	with	 high	 accuracy	 and	 repeatable	
measurement.	
Ø It	 is	 desired	 to	 design	 a	 non-destructive	measurement	 system	with	 compact	
structure,	low-cost	and	high	sensitivity.	


















the	 flexibility	 of	 the	 measurement	 is	 greatly	 improved,	 which	 makes	 the	
operation	of	the	system	easier	in	different	circumstances	in	comparison	with	
the	 original	 system	 without	 fibre.	 The	 results	 shows	 the	 feasibility	 for	
simultaneous	measurement	of	material	related	parameters.	
Ø A	graphical	user	interface	(GUI)	is	designed.	A	measurement	manual	of	the	













principle	 of	 fundamental	 frequencies	were	 developed,	which	 have	 a	 better	 resolution	
compare	to	the	static	methods.	The	phenomenon	of	damping	in	the	material	refers	to	the	
internal	friction.	The	measurement	methods	for	internal	friction	are	categorised	into	four	
groups	 and	 each	 method	 is	 discussed.	 The	 combined	 methods	 for	 measuring	 both	
parameters	are	presented.	The	SMI	technique	is	briefly	introduced.	As	a	non-contact	and	








analysed.	The	specimen	can	vibrate	 in	the	first	mode	by	supporting	at	 l224.0 	points	at	
each	end.	The	relationship	between	the	specimen	vibration	and	the	Young’s	modulus	and	
internal	friction	are	presented.	Then	the	SMI	model	is	analysed.	The	existing	SMI	model	
for	 sensing	 application	 is	 derived	 from	 the	 LK	 equations.	 A	 simulation	 of	 SMI	 signal	
corresponding	to	the	specimen	vibration	is	presented	to	observe	the	features.	It	shows	
that	the	material	related	parameters	such	as	resonant	frequency	and	damping	factor	can	
















without	 and	 with	 optical	 fibre.	 The	 measurement	 results	 from	 both	 SMI	 system	 are	
compared.	It	shows	that	with	the	installation	of	optical	fibre	in	the	system,	the	flexibility	















Chapter 2  Self-mixing 
interferometry for measuring material 
parameters 
	






implement.	 The	 resonance	 method	 such	 as	 half	 bandwidth	 method	 and	 Logarithmic	
decrement	method	are	easy	and	accurate.		
This	 chapter	 presents	 the	 system	 description.	 The	 system	 model	 is	 presented	
separately	with	specimen	vibration	model	and	SMI	model.	The	relationship	between	the	
SMI	 signal	 and	 the	material	 related	parameters	 is	 discussed.	 The	wavelet	 transform	 is	









IET	 part	 and	 SMI	 part.	 The	 IET	 part	 consists	 of	 the	 specimen,	 support	 device	 and	 a	
stimulate	tool.	Use	the	stimulate	tool	to	apply	a	light	strike	on	the	specimen,	the	specimen	
will	be	stimulated	into	damping	vibration.		




of	 the	 specimen,	 which	 contains	 the	 information	 for	 calculating	 the	 material	 related	
parameters	 such	 as	 Young’s	 modulus,	 damping	 ratio	 and	 internal	 friction.	 The	 PD	












































Where	 ),( txM 		is	 the	 bending	 moment,	 ),( txQ 		is	 the	 shear	 force,	 ),( txy 	is	 the	
displacement	function	of	an	arbitrary	point	with	distance	 x 	and	at	the	time	 t ,	and	 ),( txf 	





































Where	 E 	and	 I 	are	 the	 Young’s	modulus	 and	 second	moment	 of	 area	 of	 the	 cross	
section.	When	 the	uniform	 specimen	 is	 not	 in	 the	 consideration,	 )(xI 	will	 be	 variable	
along	beam	length.	The	equation	of	motion	in	the	transverse	direction	for	the	specimen	
is	































































































































The	 solution	 to	 equation	 (2.8)	 can	 be	 produced	 by,	 first	 obtaining	 the	 natural	
frequencies	and	mode	shapes	of	the	specimen	and	then	expressing	the	general	solution	
as	a	summation	of	modal	responses.	In	each	mode,	the	specimen	vibrates	in	a	fixed	shape	
ratio	which	separates	 the	displacement	 function	 ),( txy 	into	a	 space	only	 function	and	
time	only	function,	



















































)cosh()sinh()cos()sin()( 4321 xaxaxaxaxX ββββ +++= 	 (2.13)	

































By	 substituting	 equation	 (2.10)	 into	 the	 boundary	 condition	 in	 equation	 (2.14),	 and	
taking	the	second	spatial	derivative	in	equation	(2.13),	it	gives	the	result	that	
42 aa = 	 (2.16)	
and	similarly	we	can	get	
31 aa = 	 (2.17)	
The	boundary	condition	of	zero	moment	at	 Lx = 	gives	the	result	
)cosh()sinh()cos()sin( 4321 LaLaLaLa ββββ +=+ 	 (2.18)	





































1)cos()cosh( =LL ββ 	 (2.21)	
The	transcendental	equation	(2.21)	has	infinite	solutions,	with	the	n th	root	is	denoted	

















































nn teBtT n φζω
ζω +−= − 	 (2.23)	
Where	 nB 	and	 nφ 	are	also	determined	by	the	initial	conditions	at	 0=t 	on	the	velocity	












n teytxy n φζω
ζω 	 (2.24)	










ββω == 	 (2.25)	
The	motion	of	a	free-free	specimen	in	equation	(2.24)	can	be	simplified	based	on	the	
location	of	the	supports.	The	specimen	we	use	to	determine	Young’s	modulus	and	internal	





















1 φζωζω +−= − teyty t 	 (2.26)	
Where	 1y 	is	the	maximum	amplitude,	 1ω 	is	the	natural	frequency	and	 1φ 	is	the	phase	
all	under	the	mode	1	vibration.	The	motion	trail	of	the	reference	point	can	be	written	as	
)2cos()( 0 tfeAty RO






































hT 	when	 20/ ≥hL 	[97,	98].	m 	,	 L 	,	b 	,	 and	 h 	are	 the	mass,	
length,	width,	and	height	of	the	specimen.	The	remaining	value	needs	to	be	determined	
is	 ROf 	,	 which	 can	 be	 found	 in	 equation	 (2.27).	 The	 objective	 of	 resonant	 frequency	
method	is	to	measure	 ROf 	from	the	vibration	of	the	specimen.	
























































































































































[ ])(),( tEtNGN 	is	the	modal	gain	per	unit	of	time	expressed	as	[101]		
[ ] [ ] [ ])(1)()(),( 20 tENtNGtEtNG N Γ−⋅−= ε 	 (2.34)	
Where	 ε 	and	Γ 	are	 the	 nonlinear	 gain	 compression	 coefficient	 and	 confinement	
factor	respectively.	When	neglecting	the	nonlinear	effect,	the	modal	gain	can	be	simplified	
as	
[ ] [ ]0)()(),( NtNGtEtNG N −= 	 (2.35)	
)(tφ 	is	given	by	 [ ]ttt 0)()( ωωφ −= ,	where	 )(tω 	is	the	angular	frequency	for	the	LD	
with	 external	 optical	 feedback.	 The	 dynamics	 of	 the	 SMI	 system	 are	 governed	 by	 the	




















Where	 sω 	is	the	stabled	angular	frequency.	Substituting	 )(tE 	and	 )(tN 	with	stabled	































For	 a	 moving	 target,	 the	 external	 cavity	 length	 varies	 with	 time.	 Hence,	 we	 can	









		for	 the	 convenience.	 Note	 that	 C 		in	 an	 important	 parameter	 as	 it	
characterizes	the	waveform	of	SMI	signals,	which	is	important	for	the	later	measurement	
analysis.	The	equation	(2.37)	can	be	rewritten	
)arctansin(0 αφφφ +−= ss C 	 (2.40)	
Where	 0φ 	is	associated	with	the	external	cavity	length	 L 	
λπφ L40 = 	 (2.41)	
Where	 λ 		is	 the	 unperturbed	 laser	 wavelength.	 Equation	 (2.40)	 is	 called	 phase	
equation,	 which	 can	 also	 be	 derived	 from	 the	 three	mirrors	model	 [104].	 This	 phase	
equation	is	the	core	part	of	the	current	SMI	model.	By	substituting	equation	(2.38)	into	
equation	(2.39),	the	normalized	variation	of	the	LD	output	power	can	be	expressed	as		
)cos()( stG φ= 	 (2.42)	
[ ])(1)( 0 tmGPtP += 	 (2.43)	
Where	 )(tG 		is	 the	 interferometric	 function,	 )(tP 		and	 0P 		are	 the	 laser	 power	
emitted	by	the	LD	with	and	without	external	optical	feedback,	and	m 	is	the	modulation	
index.	Equation	(2.42)	and	equation	(2.40)	constitute	the	current	SMI	model	that	have	
been	 widely	 accepted	 to	 describe	 the	 waveforms	 of	 SMI	 signals	 [105-107].	 The	
interferometric	function	 )(tG 	is	referred	as	SMI	signal.	The	external	cavity	length	 L 	can	
be	represented	as	 )(0 tyLL += ,	where	 0L 	is	the	initial	external	cavity	length,	that	is	the	
distance	 between	 the	 LD	 and	 the	 external	 target	 the	 specimen	 in	 static	 state.	 )(ty 	
describes	 the	 vibration	 of	 the	 specimen	 which	 can	 be	 referred	 to	 equation	 (2.27)	
)2cos()( 0 tfeAty RO
kt π−= .	 Figure	 2.6	 shows	 scheme	 of	 using	 SMI	 system	 to	 pick	 up	
external	target	vibration	information.	The	vibration	information	 )(ty 	is	captured	in	SMI	
signal	followed	by	the	procedure	of	 )()( 0 tGty s →→→ φφ .	The	retrieving	of	vibration	
information	 in	 )(ty 	 	such	 as	 k 	 and	 ROf 	followed	 by	 the	 opposite	 procedure	











From	 the	 literature	 review,	 we	 have	 discussed	 about	 the	 applications	 of	 SMI	
technique.	The	SMI	technique	can	be	used	for	displacement	measurement.	In	this	thesis,	
we	 use	 SMI	 technique	 to	 measure	 the	 Young’s	 modulus	 and	 internal	 friction	 of	 the	
specimen.	 The	 principle	 of	 Young’s	 modulus	 and	 internal	 friction	 measurement	 is	 to	
retrieve	 the	 resonant	 frequency	and	damping	 factor	 from	vibration	 information	of	 the	
specimen	as	 it	 is	mentioned	 in	2.2.1.	By	the	simulation	of	SMI	signal	corresponding	to	
specimen	vibration,	we	can	find	the	relationship	between	the	SMI	signal	and	the	material	
related	parameters.	The	SMI	equations	are	relisted	as	below	
λπφ L40 = 	 (2.44)	
)arctansin(0 αφφφ +−= ss C 	 (2.45)	
)cos()( stG φ= 	 (2.46)	
[ ])(1)( 0 tmGPtP += 	 (2.47)	








ROf 		is	 calculated	 as	 444Hz	 from	 equation	 (2.28).	 We	 assume	 the	 damping	 ratio	
0015.0=ζ 	(for	metal	specimen	ζ 	is	between	0.001	and	0.002).	So	the	damping	factor	

















sampling	time	 t 	 1s	
sampling	frequency	 sf 	 100kHz	
initial	external	cavity	length	 0L 	 0.12m	
Specimen	related	
parameters	
specimen	length	 L 	 138.35mm	
specimen	width	b 	 12.06mm	





damping	factor k 	 4.6	
resonant	frequency ROf 	 444Hz	
	
From	the	external	vibration	signal	 )(ty ,	we	can	get	the	SMI	signal	 )(tG 	through	the	
stationary	solution	of	SMI	model	equation	(2.44)	to	equation	(2.47).	Figure	2.7	shows	the	


















Ø The	fundamental	period	of	SMI	signal	 )(tG 	is	the	same	as	the	period	of	the	
vibration	signal	 )(ty 	denoted	by	 ROf1 	
Ø The	 SMI	 signal	 moves	 the	 same	 direction	 as	 the	 reference	 point	 on	 the	
external	target	moves	close	or	away	from	the	laser.	




Ø The	 fringe	 numbers	 decreases	 as	 the	 external	 target	 vibration	magnitude	
decreases	with	time.	
From	the	features	observed	above,	it	can	be	found	that	the	external	target	vibration	
information,	the	resonant	frequency	 ROf 	and	the	damping	factor	 k 	are	carried	in	the	SMI	
signal	 )(tG 	.	 For	 the	 resonant	 frequency	 ROf 	,	 it	 can	 be	 retrieved	 by	 measuring	 the	
fundamental	 frequency	 of	 the	 SMI	 signal	 )(tG 	.	 For	 the	 damping	 factor	 k 	,	 it	 can	 be	
retrieved	by	measuring	the	decay	of	the	fringe	numbers	in	the	SMI	signal	 )(tG .	The	decay	













become	 the	 measurement	 of	 the	 fundamental	 frequency	 and	 the	 decay	 of	 high	
frequencies	in	the	SMI	signal.	There	are	different	ways	to	do	frequency	domain	analysis	
such	 as	 the	most	 common	 one,	 Fourier	 transform.	 However,	 in	 our	 case,	 the	 Fourier	
transform	cannot	satisfy	the	simultaneous	measurement	of	both	resonant	frequency	 ROf 	
and	 damping	 factor	 k 	,	 where	 the	 Fourier	 transform	 can	 analyse	 the	 frequency	
components	in	a	SMI	signal	but	it	shows	poor	resolution	for	the	time-frequency	analysis.	





and	 image	processing	 [113].	 In	Fourier	 transform,	 the	analysing	 functions	are	complex	
exponentials.	The	resulting	transform	is	a	function	of	a	single	variable,	which	is	only	the	
frequency	information.	The	temporal	 information	is	 lost	 in	this	process.	The	short	time	
Fourier	transform	(STFT)	were	developed	to	do	the	time-frequency	analyse	of	signals.	STFT	
divides	a	 long	time	signal	 into	shorter	windows	of	equal	 length	and	then	compute	the	
Fourier	transform	separately	on	each	shorter	window.	Based	on	the	uncertainty	principle	
[114],	 it	 is	 impossible	to	have	high	resolution	in	both	time	and	frequency.	However,	by	
varying	 the	 length	 of	 window,	 one	 can	 treat	 the	 time	 resolution	 for	 the	 frequency	
resolution.	In	continuous	wavelet	transform	(CWT),	the	width	of	the	window	is	changed	
during	the	transform,	 for	more	precise	 low	frequency	 information	 it	uses	 longer	width	









In	 the	 CWT,	 the	 analysing	 function	ψ 		is	 defined	 as	 localized	 waveform,	 which	
oscillate	only	for	a	given	moment	in	time	and	rapidly	decay	to	zero.	Unlike	the	analysing	
function	 tje ω 		in	 Fourier	 transform,	 wavelet	ψ 		is	 localized	 in	 the	 time	 and	 frequency	
domains.	Due	to	dynamic	nature	of	SMI	signals,	wavelet	transform	is	well-suited	for	their	














baW ψ)(1),( 	 (2.48)	










shifted	version	of	mother	wavelet	 ( )tψ .	 ),( baW 	is	normalized	by	
a
1 	to	ensure	all	 the	
wavelets	have	 the	 same	energy	at	every	 scale.	 Scale	 a 	is	 inversely	proportional	 to	 the	
frequency	component	of	 the	analysed	signal.	There	are	different	mother	wavelets,	 the	
choosing	of	one	of	them	depends	on	the	nature	and	of	the	analysed	signal.	An	SMI	signal	





















− ==Ψ ∫ 	 (2.50)	



































the	 central	 frequency	of	 the	wavelet,	 )2( πωeef = 	,	where	we	have	 set	 the	 value	 for	






efficient	 to	 choose	 scale	 parameter	 a 	 	in	 terms	 of	 a	 power	 of	 2.	 jdaa 20 ×= 	 ,	
1..2,1,0 −= Jj ,	where	 0a 	is	 the	smallest	 resolvable	scale	corresponding	 to	 the	Nyquist	















0 == .	 d 	is	the	 increment	 in	scale	and	it	 is	chosen	to	be	 161 	to	balance	
the	resolution	and	computing	time.	The	total	scale	 J 	can	be	set	based	on	the	frequency	
range	to	be	analysed,	where	we	already	have	the	maximum	frequency	 kHzf 50max = ,	and	
we	 set	 the	 minimum	 frequency	 to	 be	 Hzf 1min = 	.	 Therefore,	 we	 will	 analyse	 the	

























2.4.2 Retrieve	 the	material	 related	parameters	 from	a	SMI	
signal		
The	 following	 flow	 chart	 in	 Figure	 2.11	 shows	 the	 procedure	 of	 determining	 the	













))444(2cos(10317.4)( 6.46 tety t π−−×= 	 (2.53)	
We	 use	 the	 SMI	 model	 described	 by	 equation	 (2.44)	 to	 (2.47)	 to	 generate	 the	
corresponding	SMI	signal	 )(tG .	Then	compute	the	Morlet	wavelet	CWT	of	 )(tG ,	that	is	




% &, ( = cwt(!(#))
Real	part	of	% &, (
%- &, ( = real(% &, ( )
Calculate		the	magnitude	of	each	scale	&






% &, ( 9 > 0	&	9 < 9-G , # > 0	&	# < 1 = 0 and	
reconstruct	an	approximation	to	the	signal	
!I(#) = icwt(% &, ( )
CWT	of	the	reconstructed	signal
%I &, ( = cwt(!K(#))
Extract	the	frequency	component	with	max	
magnitude	at	each	time	instance















In	 Figure	 2.12,	 the	 horizontal	 axis	 represents	 the	 time	 index,	 the	 vertical	 axis	
represents	the	frequency	index	(note	that	the	vertical	axis	is	logarithmic)	and	the	colour	
means	 the	magnitude	 (from	0.1	 to	0.7,	blue	to	yellow).	 It	can	be	seen	that	 the	yellow	
colour	 located	at	 frequency	around	450Hz	appears	 in	 the	time	period	from	 0=t ms	to	
about	 700=t ms,	which	is	the	dominating	frequency	contained	in	the	SMI	signal.	It	is	the	
same	as	the	frequency	of	the	target	vibration.	It	also	can	be	found	that	a	yellow	line	in	













































































half	wavelength	of	the	external	target.	Regime	2	(moderate	feedback):	where 6.41 <≤ C .	









))500(2cos(10925.3)( 56 tety t π−− ⋅×= 	 (2.54)	
Where	 the	 vibraion	 frequency	 500=ROf 	Hz,	 damping	 factor	 5=k 	.	 Figure	 2.17	








SMI	signal	 )(tG 	when	 7,8.3,5.0=C 	,	(b),	(d),	(f)	CWT	coefficient	of	SMI	signal	when	
7,8.3,5.0=C 	
	
From	 section	 2.3	we	 have	 already	 found	 that	 the	 fundamental	 frequency	 of	 SMI	
signal	 )(tG 	is	the	same	as	the	period	of	the	vibration	signal	 )(ty .	In	Figure	2.17,	we	can	
observe	that	the	magnitude	of	this	fundamental	frequency	is	similar	with	the	magnitude	
of	fringe	frequency	when	the	SMI	signal	is	in	Regime	1,	where	 1<C .	The	magnitude	of	









from	yellow	to	blue.	To	demonstrate	 if	 the	result	 from	proposed	method	will	be	affect	
from	the	change	of	the	feedback	level	C .	We	follow	the	same	process	as	section	2.4.2.	











inverse	 CWT	 to	 reconstruct	 an	 approximation	 to	 the	 signal	 then	 get	 the	 new	 CWT	




with	 different	 feedback	 level	 C 		are	 04.51 =k 	, 10.52 =k 		and	 06.53 =k 		for	 5.0=C 	,	
































5.0=C 	,	(b)	 8.3=C 	,(c)	 7=C 	
	
The	proposed	method	is	suitable	for	simultaneous	measurement	of	material	related	






















01.0=C 	 5.02	 N/A	 5.12	 N/A	
1.0=C 	 5.04	 N/A	 5.13	 N/A	
2.0=C 	 5.09	 N/A	 5.09	 N/A	
3.0=C 	 5.14	 N/A	 5.10	 N/A	
6.41 <≤ C 	
2=C 	 N/A	 N/A	 5.04	 505.2	
5.2=C 	 N/A	 N/A	 5.08	 505.2	
3=C 	 N/A	 N/A	 5.06	 505.2	
4=C 	 N/A	 N/A	 5.12	 505.2	
C≤6.4 	
5=C 	 N/A	 N/A	 5.15	 505.2	
6=C 	 N/A	 N/A	 5.14	 505.2	
7=C 	 N/A	 N/A	 5.06	 505.2	
9=C 	 N/A	 N/A	 4.96	 505.2	
	
From	the	table	2.4,	 it	can	be	seen	that	the	method	in	[119]	can	only	measure	the	
damping	factor	 k 	when	 1<C ,	and	it	cannot	measure	the	resonant	frequency	 ROf .	The	
proposed	 method	 gives	 reliable	 measurement	 results	 for	 both	 damping	 factor	 and	
resonant	 frequency	 in	 a	 broad	 range	 of	C 	.	 In	 fact,	 the	 feedback	 level	 C 		affects	 the	
reverse	point	in	the	SMI	signal,	which	causes	the	error	of	damping	factor.	Also,	according	















In	 practical,	 the	 feedback	 level	C 	relates	 to	 the	 reflectivity	 of	 the	 target	 surface,	
variable	 attenuator,	 and	 external	 cavity	 length.	 To	 maintain	 the	 feasibility	 of	 the	





transform	onto	SMI	 signal	 to	 retrieve	 the	material	parameters	 to	be	measured.	Firstly,	
section	2.2.1	presents	the	specimen	vibration	model.	The	mode	of	vibration	depends	on	
the	support	locations	on	the	specimen.	When	 73.4,1 1 == Ln β with	the	support	locations	
at	 L224.0 	from	each	end,	the	specimen	can	only	vibrates	in	the	first	mode.	The	damping	
vibration	of	the	specimen	is	 )2cos()( 0 tfeAty RO
kt π−= 	after	removing	the	external	force.	
The	Young’s	modulus	E 	can	be	calculated	by	knowing	the	resonant	frequency	 ROf ,	and	

















to	 measure	 the	 resonant	 frequency,	 where	 the	 damping	 factor	 can	 be	 measured	 in	














Chapter 3  Implementation of the 
SMI measurement system 
	
In	chapter	2,	 the	specimen	vibration	model	and	the	SMI	model	are	analysed.	The	









As	 it	 is	mentioned	 in	 Chapter	 2,	 the	 system	 structure	 for	 the	 experiment	 can	 be	
separated	into	two	parts,	IET	part	and	SMI	part.	The	IET	part	is	to	generate	the	damping	
vibration	of	the	specimen	and	the	SMI	part	is	to	generate	the	corresponding	SMI	signal	
and	 to	be	processed	 to	 retrieve	 the	material	 related	parameters	of	 the	specimen.	The	
overall	system	is	shown	in	Figure	3.1.		
This	 chapter	 presents	 the	 system	 description.	 The	 system	 model	 is	 presented	
separately	with	specimen	vibration	model	and	SMI	model.	The	relationship	between	the	










The	 IET	part	 contains	 three	components:	 specimen,	 support	and	stimulation	 tool.	






edges	 or	 cylindrical	 surface	 where	 the	 specimen	 rest	 on.	 The	 specimen	 should	 be	
supported	appropriately	along	the	node	lines	for	the	desired	vibration.	A	stimulation	tool	
is	utilised	for	producing	the	exciting	impulse	by	striking	the	specimen.	The	stimulation	tool	











PD,	 LD	 controller,	 and	 temperature	 controller.	When	 the	 specimen	 is	 stimulated	 into	
vibration,	a	small	portion	of	light	will	be	reflected	by	the	specimen	and	re-enter	the	LD,	









































Ø The	 dimensions	 and	 mass	 of	 the	 specimen	 must	 be	 regular	 as	 for	 a	
rectangular	specimen	must	be	parallelepiped.		
Ø The	specimen	for	the	test	should	not	have	chamfered	or	rounded	edges	as	
the	 edge	 treatments	 can	 introduce	 error	 into	 the	 determination	 of	 the	
resonant	frequency	of	the	specimen.	
Ø The	surface	of	 the	 specimen	should	be	even	and	smooth	otherwise	 it	 can	
cause	 significant	 effect	 in	 the	 calculation.	 It	 can	 be	 seen	 that	 the	 Young’s	
modulus	 is	 inversely	 proportional	 to	 the	 thickness	 of	 the	 specimen	 in	 the	
equation.	
Ø The	 length	of	 the	 specimen	need	 to	be	20	 times	or	more	 longer	 than	 the	
thickness	 for	 the	 rectification	of	 the	correction	 factor,	while	when	 hl 20≤ 	























	,	 µ 	is	 the	Poisson’s	
ratio	 need	 to	 be	 predetermined,	 when	 hl 20≥ 	,	 ( )[ ]22585.6000.1 lhT += 	




















































A	 stimulation	 tool	 is	 an	 equipment	 that	 applies	 an	 impact	 on	 the	 specimen	 to	
generate	the	desired	vibration	without	damaging	it.	It	can	be	a	polymer	stick	with	a	steel	
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0Ay I RA RBF F ql F F+↑ = + − − =∑ 	 (3.2)	
Taking	the	moments	of	points	at	support	 A :	
+ 21( 2 ) ( ) ( ) 0
2 2 2A RB I
a lM qa F l a F a q l a= ⋅ + − − − − − =∑ 	 (3.3)	
Gives	
( ) / 2RA RB IF F ql F= = + 	 (3.4)	
Where	 bb lgmq = ,	 bm ,	 g 	and	 bl are	the	mass,	gravitational	acceleration,	and	the	
length	of	the	beam	respectively.	 RAF 	and	 RBF 	are	the	ground	reactions	on	 A 	point	and	
B 	point	respectively.	

















































Where	w 	is	the	deflection	curve	of	the	beam,	 E 	is	the	Young’s	modulus,	and	 zI 	is	
the	inertia	moment	of	the	beam.	 zEI 	is	constant	for	a	straight	beam.	Then	equation	(3.9)	
can	be	rewritten	as		
)('' xMwEI z = 	 (3.10)	
After	first	order	integration		
∫ +== CdxxMwEIEI zz )('θ 	 (3.11)	
Where	θ 	is	the	rotation	angle	while	the	beam	is	under	pressure.	
After	second	order	integration	
∫ ∫ ++== DCxdxdxxMwEIyEI zz ))(( 	 (3.12)	
The	equation	(3.10)	to	(3.12)	can	be	utilised	to	determine	the	initial	deflection	of	the	
















DxCxqwEIyEI zz ++−== 	 (3.15)	
Similar	to	portion	 1I ,	we	can	also	get	the	equations	for	portion	 432 ,, III ,	which	all	
have	the	corresponding	unknown	parameters	 443322 ,,,,, DCDCDC .	The	eight	boundary	























































































The	 specimen	 used	 in	 the	 experiment	 is	 a	 brass	 bar	 with	 the	 01.138=l 	mm,	
01.12=b 	mm,	 08.2=h 	mm	and	 05.29=m 	g,	 the	density	 is	 43.8=ρ 	mg/mm3.	 q 	and	a 	
can	be	calculated	by	 02.233== lmgq g/m	and	 93.30224.0 == la mm.	When	there	 is	
no	 impact	 on	 the	 specimen	 ( 01 =F 	),	 the	 deflection	 of	 the	 reference	 point	 on	 the	
specimen	in	rest	is	 30.10−=resty µm.	The	resolution	of	the	SMI	is	half	of	the	wavelength,	
which	is	 5.3272/655 = nm.	The	initial	vibration	magnitude	must	be	larger	than	327.5nm,	





ballball += ,	where	 ghVball 2= .	For	a	steel	ball	with	









sensing	performance.	The	LD	model	used	 in	 the	experiment	 is	RLD65MZT2.	 It	 is	 single	









Parameter	 Min	 Typ	 Max	 Conditions	
Threshold	current	( mAIth , )	 -	 25	 60	 -	
Operating	current	( mAIop , )	 -	 35	 70	 mWP 50 = 	
Operating	voltage	( VVop , )	 -	 2.3	 2.6	 mWP 50 = 	
Differential	efficiency	
( mAmW,η )	
0.2	 0.4	 0.8	 -	
Monitor	current	( mAIm , )	 0.1	 0.2	 0.5	 mWP 50 = 	
Peak	emission	wavelength	
( nm,λ )	
645	 655	 660	 mWP 50 = 	
Astigmatism	( mAS µ, )	 -	 -	 10	 mWP 50 = 	































owing	 to	 its	 excellent	 ability	 to	 correct	 spherical	 aberration.	 Normally,	 the	 collimated	











It	 is	 important	 to	use	 laser	 controllers	 to	 stabilize	 the	operation	of	 the	 LD	as	 the	













For	 the	 sensing	application,	 it	 is	desired	 that	 the	SMI	 system	operates	 in	a	 stable	















































































damping	 time	 of	 the	 solitary	 laser.	 The	 other	 parameters	 were	 previously	 defined	 in	
section	2.2.2.	The	external	cavity	round	trip	time	τ 	is	determined	by	the	external	cavity	






















































Where	α 	is	normally	treated	as	constant,	 sφ 	is	related	to	 0φ 	from	equation	(2.40),	
both	 Rω 	and	 Rτ 	are	dependent	on	the	injection	current	 J 	via	 0sE 	in	equation	(3.21),	Ω 	
is	related	to	both	 J 	and	τ .	Hence,	the	injection	current	 J 	and	the	external	cavity	round	
trip	time	τ 	are	two	governing	parameters	that	determine	the	stable	condition	of	the	SMI	
system	described	by	 feedback	 level	C 	.	 The	 influence	of	 injection	current	and	external	
cavity	length	on	feedback	level	were	investigated	in	the	literature	[121].	Figure	3.11	shows	





25.00 =L 	m,	(b)	for	a	fixed	injection	current	 3.1/ =thJJ 	[121].	
	











The	 current	 signal	 acquired	 through	 PD	 is	 not	 suitable	 for	 the	 data	 processing	
purpose.	Hence,	the	trans-impedance	circuits	can	be	applied	to	transfer	the	current	signal	
from	 PD	 to	 voltage	 signal	 and	 have	 it	 amplified.	 The	 voltage	 signal	 can	 be	 generated	
through	using	a	resister	realizing	the	process	of	trans-impedance.	





























signal	 continuously	 varies	 over	 time	 and	 the	 analog-to-digital	 converter	 takes	 periodic	
samples	of	 the	signal	at	a	predefined	rate.	These	samples	are	transferred	to	computer	






































transmission	 line	 have	 been	 developed	 around	 the	world.	 The	 principle	 of	 fibre	 optic	
sensors	 are	 based	 on	 the	 conversion	 of	 input	 physical	 variables	 into	 modulated	 light	
signals.	The	advantages	of	optical	fibres	for	sensing	systems	including	good	resistance	to	
electromagnetic	 interference,	 safety	 from	 explosive	 environments,	 high	 information	





































and	guide	light	within	a	solid	or	 liquid	structure.	The	situation	of	coupling	 light	 into	an	
optical	 fibre	 is	different	 for	coupling	 into	multimode	fibres	and	single	mode	fibres.	For	
coupling	light	into	multimode	fibres,	it	is	about	the	angle	of	the	incidence	of	light	launched	











θθ cossin == 	 (3.23)	
222cos1sin cladcoretcoreacc nnnn −=−= θθ 	 (3.24)	


























Where	 a 	is	 the	 radius	 of	 the	 fibre	 core	 and	 λ 	is	 the	 free	 space	wavelength.	 The	
number	 of	modes	 supported	by	multimode	 fibre	 can	be	 estimated	with	 the	 following	
relationship,	
2











the	 fibre	 has	 a	 V	 number	 of	 50.4.	 The	 number	 of	 modes	 supported	 by	 the	 fibre	 is	




fibre	 port	 is	 utilized	 to	 couple	 the	 light	 into	 the	 fibre.	 Unfortunately,	 due	 to	 the	 high	
dispersion	 and	 attenuation	 rate,	 the	 quality	 of	 optical	 signal	 is	 greatly	 reduced.	 The	
feedback	from	the	specimen	is	very	weak	result	in	difficult	to	obtain	good	SMI	signal.	It	is	
better	 to	 use	 the	 single	mode	 fibre,	which	 has	 a	 low	 dispersion	 and	 attenuation	 rate	







Parameter	 Min	 Typ	 Max	
Fibre	output	power	( mWPop , )	 -	 2.0	 2.5	
Operating	current	( mAIop , )	 -	 20.1	 25	
Operating	voltage	( VVop , )	 -	 0.91	 2.6	
Monitor	current	( mAImon , )	 -	 0.324	 -	




Storage	temperature	( C0 )	 -10	 -	 +65	













































































)( = 	 (3.29)	
Where	ϕ 	is	the	retardance,	 a 	is	constant	as	0.133	for	silica	fibre,	N 	is	the	number	
of	loops	around	the	spool,	d 	is	the	fibre	cladding	diameter,	λ 	is	the	wavelength,	and	D 	




















IET	parts	consist	of	a	brass	bar	specimen	with	 10.138=l mm,	 01.12=b mm,	 08.2=h mm	
and	 84.29=m g,	a	Newport	426	series	extended	platform	with	two	triangular	prism	fixed	
on	top	of	it,	and	a	polymer	stick	with	a	steel	ball	glued	to	the	end.	For	the	SMI	system	
without	 fibre,	 it	 consists	 of	 a	 THORLABS	 RLD65MZT2	 laser	 diode	 installed	 inside	 a	
THORLABS	LDM21	Laser	mount,	an	adjustable	THORLABS	C240TME-B	aspheric	lens.	For	
the	 SMI	 system	 with	 fibre,	 it	 consists	 of	 a	 THORLAB	 LP1550-SFD2	 single	 mode	fibre-
pigtailed	 laser	 diode,	 installed	 in	 a	 LDM9LP	 laser	 mount,	 a	 THORLAB	 FPC561	 fibre	























Ø Follow	 the	 pin	 diagram	 to	 install	 the	 THORLAB	 LP1550-SFD2	 single	mode	





the	 light	 onto	 the	 specimen.	 Rotate	 the	 plates	 on	 the	 fibre	 polarization	
controller	to	control	the	polarization	state	in	the	fibre.	
With	 a	 light	 strike	 on	 the	 specimen,	 the	 specimen	 is	 stimulated	 into	 damping	

















































Based	 on	 equation	 (2.28)	 T
bh





































The	 dominating	 frequency	 is	 424.8Hz.	 The	 measured	 Young’s	 modulus	 is	 120.88GPa.	
Figure	3.29	shows	the	extraction	of	the	frequencies	with	maximum	amplitude	along	the	
time	and	 the	 curve-fitting	 results.	 The	descent	 slope	of	 the	 curve	 is	 51030.2 −×− 	.	 The	
































k 	 1−Q 	
1	 424.79	 120.88	 4.52	 3.39×10-.	 424.79	 120.88	 4.61	 3.45×10-.	
2	 424.79	 120.88	 4.47	 3.35×10-.	 424.79	 120.88	 4.53	 3.39×10-.	
3	 424.79	 120.88	 4.50	 3.37×10-.	 424.79	 120.88	 4.56	 3.42×10-.	
4	 424.79	 120.88	 4.49	 3.36×10-.	 424.79	 120.88	 4.50	 3.37×10-.	
5	 424.79	 120.88	 4.53	 3.39×10-.	 424.79	 120.88	 4.61	 3.45×10-.	
6	 424.79	 120.88	 4.63	 3.47×10-.	 424.79	 120.88	 4.58	 3.43×10-.	
7	 424.79	 120.88	 4.59	 3.43×10-.	 424.79	 120.88	 4.52	 3.39×10-.	
8	 424.79	 120.88	 4.50	 3.37×10-.	 424.79	 120.88	 4.53	 3.39×10-.	
9	 424.79	 120.88	 4.48	 3.36×10-.	 424.79	 120.88	 4.48	 3.36×10-.	




standard	 derivation	 is	 shown	 as	 below,	 20=N 	,	 ix 		refers	 to	 each	 measured	 value	 of	





































Lastly,	 in	 section	 3.3,	 the	 procedure	 of	 the	 experiment	 is	 presented	 and	 the	
experimental	results	from	both	SMI	system	without	and	with	fibre	are	compared	with	the	











Chapter 4 Conclusion 
As	a	promising	sensing	technique,	SMI	has	been	extensively	studies	during	the	recent	
decades.	 The	 non-contact	 and	 non-destructive	 advantage	 of	 this	 technique	 makes	 it	
popular	for	the	high	accuracy	and	sensitivity	measurement.	By	combining	SMI	technique	




In	 this	 chapter,	 the	 research	 contributions	 are	 summarised	 in	 section	 5.1,	 the	
suggested	future	work	based	on	the	study	in	this	thesis	is	proposed	in	section	5.2	
4.1 Suggested	future	work	
In	 future	 work	 on	 using	 SMI	 system	 for	 the	 material	 related	 parameters	
measurement,	the	following	topics	will	be	useful:	
• Simultaneous	 measurements	 for	 more	 material	 related	 parameters	 such	 as	
shear	modulus	and	poisson’s	ratio.	The	support	device	for	the	specimen	needs	
to	be	modified	to	meet	the	measurement	requirement	for	other	material	related	
parameters.	 Ideally,	more	 parameters	 can	 be	measured	 because	 of	 the	 high	
sensitivity	and	accuracy	of	SMI	technique.	
• Wavelet	design	for	SMI	signal.	The	wavelet	used	in	the	analysis	of	SMI	signal	is	





















Appendix A: GUI manual  


















The	 introduction	 interface	 introduces	the	material	related	parameters	that	can	be	












































5. Click	 the	 ‘Damping	 analyze’	 button,	 the	 frequency	 with	 maximum	 amplitude	
against	time	and	the	curve-fitting	result	will	show	in	the	Figure	10	as	below.	The	
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